Numerical analysis of anisotropic building components requires sophisticated transient simulation models. Especially in case of wooden components, anisotropic properties are additionally taken into account, in order to obtain reliable results. Within an industry driven project a solid wood panel with an integrated functional pipe element is to be developed. Focusing on thermal and hygric long-term performance and durability, possible constructions are evaluated experimentally and numerically. This paper focuses on both the fitting procedure for executed numerical simulations as well as design decisions determining a panels heating curve. Main criteria and boundary conditions of the calibration and simulation procedures are discussed.
Introduction
The implementation of the hygrothermal performance analysis of building components and structures by means of numerical simulation tools is considered as state of the art. While reliable solution methods for one-and twodimensional problems are available for several years [1] , the mapping of transport processes in three-dimensional context is still a challenge. If, additionally, anisotropic material properties are to be considered, enhanced numerical solution methods are essential to produce accurate and reliable results in a reasonable amount of time. The Delphin 5 solver [2, 3] provides a validated tool set [4] for the one-and two-dimensional representation of hygrothermal transport Figure 1 : Structure of a wooden tempering system including orientation of wood fiber processes. The new developed Delphin 6 solver framework [5, 6] , furthermore, allows three-dimensional observation, taking into account anisotropy.
In this paper, a study is presented which analyses the influence of anisotropic material properties on the numerical simulation of hygrothermal transport processes within a complex timber structure. As part of a research project, an innovative wooden radiant heating and cooling system is to be developed and optimized. An optimal design of the anisotropic element, with respect to the hygrothermal behavior of this system, requires a sophisticated transient simulation model and extended laboratory work.
Multilayer solid wood panels are used in the construction sector predominantly for interior fittings with static functions. The system is supposed to be installed on wall, ceiling, and floor constructions to enable heating and cooling of a room. Figure 1 depicts the structure and orientation of anisotropic construction components for a wooden panel prototype chosen from a variation study in Bishara [7] . The panel is composed as a three-layer slab. The fiber of the two top layers are running parallel to one another, in between both an orthogonal fibered middle layer is placed. The three layers are cross bonded with melamine-urea-formaldehyde, offset by 90° to each other. The middle layer embeds a multilayer composite pipe element which is installed off-centered in the construction. The wooden panel is thermally pressed during the production process.
This prototype measures 800 by 800 mm in pilot plant scale. All layers are made of spruce wood with a breadth of 20 mm at the middle layer and 6.7 mm at surrounding top layers. The embedded pipe system was installed in spiral curse to obtain an ideal temperature distribution. A pipe diameter of 16 mm entails an initial pipe distance of 100 mm. This panel prototype will be used as reference case for all further fitting and optimization considerations in this paper.
Method

Setup for numerical simulations
Generally, obtaining accurate and reliable computation results with numerical simulation is elementary and essential. Deviations can arise through a number of reasons. To obtain a good simulation model all these sources of errors will have to be analyzed separately in order to eliminate or at least minimize the related errors. This can be a time-consuming, error prone and repetitive task.
The Delphin framework is integration error controlled and utilizes variable time step control together with exchangeable numerical integration engines. We set the relative tolerance to 1e-06, the absolute tolerance for energy balance equations to 0.1, and a stricter tolerance for moisture to 1e-08. The backward differentiation formula method order (numerical integrator) was chosen to be 2 at maximum in order to ensure unconditional stability.
A grid sensitivity study was executed to ensure a decent grid quality for all available numerical methods dealing with partial differential equations within our framework. An equidistant grid with an element size of 1 by 1 mm (24435 elements) defined our reference case and allowed us to evaluate numerical errors introduced by variable discretization. In a stepwise process we reduced the element count down to 4959 elements for a simple two dimensional simulation, with an enforced lower bound for the minimal element size of 1 mm at all boundaries. The acceptable deviation of accuracy was limited to 1e-8, and could be achieved. As a result this simplified variable discretization is a valid and thus less simulation time consuming basis for all following simulations. Since the nonlinearity of all simulated cases is of minor interest (compare Paepcke [8] ), direct methods are sufficient and efficient for a solution. We have shown that the setup mentioned above ensures reliable, repeatable, and accurate numerical results.
Experimental and numerical boundary conditions
The panel was vertically positioned in a climate chamber. The front side of the panel was exposed to the ambient climate and the rear area was covered with insulation, in order to restrict as much heat flow as possible to one side of the construction. Boundary conditions (BC) were adjusted to be constant at 15 °C and 65 % relative humidity (RH). Figure 2 shows a cross section of the installed panel.
To evaluate the transient responses of the construction detail, a step function was applied to the inlet pipe temperature. After 72 hours of preconditioning at 15 °C, a heating process with a constant temperature of 35 °C was initiated. The experiment was terminated when a quasi-steady state at the panel's surface temperature was reached. Negative temperature coefficient thermistor (NTC) sensors (± 0.1 K) were installed at the pipe surface, directly at the entry into the wooden panel, to surveillance inlet and outlet temperatures. Both pipes were insulated with polyethylene, to prevent interaction between pipes and ambient climate. Additionally, boundary conditions are monitored with a capacitive sensor with an accuracy of ± 2 % RH and NTC sensors (± 0.1 K). All measured values were recorded in a 10 min interval. Figure 3 provides an experimental setup overview as well as the location of output point (TP) which was recorded by means of an NTC sensor, also used for fitting. TP was placed between inlet and outlet pipe, directly on the panel's surface.
For the initial simulation, material functions for insulation and timber were taken from the extensive Delphin material database. After finishing the experimental determination of the hygrothermal material parameters of our wood, we replaced the panel material with a new material function. Among others, the following directiondependent properties were examined: thermal conductivity, water vapor permeability and liquid water conductivity. The initial value for the exchange coefficient for heat flux (fitting parameter) was set to 7.7 W/m²K, corresponding to the value for interiors which is given by the European standard DIN EN ISO 6946 [9] . Figure 4 compares experimentally obtained surface temperatures and simulated ones at point TP with due regard to boundary conditions. Absolute differences are within a range of 0.4 - 1.9 K, showing an offset already present when the simulation was started. Focusing on initial conditions we observed an ambient temperature of 16.8 °C which contrasts to a surface temperature of 16.1 °C. This difference is accountable by the fact that the chamber door was opened at the beginning of the measurement.
Calibration of the physical model
Initial situation
Material data and boundary conditions -Calibration stage 1:
In calibration stage one all initial conditions were adjusted to measured climate conditions. Thus at the left and right boundary conditions of 16.3 °C, 59.7 % RH and 33.1 °C as pipe's surface temperature are set. This physical model simplification is valid since a temperature loss of less than 0.2 K over the entire pipe length is guaranteed. The solid line in Figure 5 shows the effect of adapting all boundary conditions. The dash-dotted trend incorporates explicitly measured material functions, which replaced the material data taken from our IBK database. As a result a plainer slope of the heating curve is achieved, in particular in consequence of slightly different moisture transport properties in the hygroscopic range.
Anisotropic material transport -Calibration stage 2:
Much research has been devoted to anisotropic material modeling and anisotropic material properties as found in timber or sand stone [10] [11] [12] [13] [14] . To investigate a possible influence of anisotropic material and energy transport properties onto simulated results a variation study of isotropic Delphin 5 simulations was carried out. While in our reference case only material properties determined for radial wood fiber direction are utilized, stage 2 replaces the radial material of the middle layer by a longitudinal material. This still isotropic simulation shows how significant a higher thermal conductivity, as delivered by longitudinal aligned fiber layer, results in a faster heat distribution in vertical direction, and thus to a steeper slope of the heating curve. Figure 6 compares both cases in relation to measured results. Combined longitudinal and radial transport regions are now used for all following simulations. 
Exchange coefficient for heat flow -Calibration stage 3:
To finally calibrate the isotropic simulation model against the experiment a fitting parameter needs to be selected. An obvious option would be the exchange coefficient for heat flow for interiors which we initially set to 7.7 W/m²K, according to EN ISO 6946 [8] . This setting results in a 1.4 K higher surface temperature level at time point 180 min when compared to experiments.
According to Hatton and Awby [15] , heat exchange coefficient values are higher in case of mixed convection than in case of natural convection. Hence, due to mechanical ventilation within the climate chamber, the assumed value of 7.7 W/m²K has to be increased. EN ISO 6946 offers an exchange coefficient for heat flow for exterior climate (25 W/m²K) as well. If this value is set to the simulation, air movements are assumed to be similar to those of an outdoor climate. Accordingly, this leads to a very low calculated end temperature value. Eventually, an exchange coefficient of 11.6 W/m²K matches our measured temperature value at time point 180 min. Figure 7 compares simulation results for exchange coefficients 7.7, 11.6, and 25 W/m²K, as well as the results of a true anisotropic simulation carried out by our physical model of Delphin 6. Applying the very same simulation setting to the anisotropic model, an exchange coefficient of 7.7 W/m²K already creates necessary quasi steady state end temperatures.
In our study, the heat exchange coefficient was adopted as a linear factor. Although, shown in Hatton and Awby [16] , the factor is depending on a temperature difference between wall surface and ambient air, no applicable values are available for our specific setup. Moreover, the measured temperature difference is relatively low (maximum 5 K) and thus, with reference to a literature review which was carried out by Wallentèn [17] , a low fluctuation of the heat exchange coefficient could be assumed. Hence, we neglected time dependence of the exchange coefficient.
Validation
The calibrated simulation was validated against laboratory measurements for an optimized panel version. This panel was suggested by Bishara [7] and basically reduces the pipe distance down to 80 mm. Figure 8 displays the first 3 hours of the heating function, namely that section which is usually accessed by heating control strategies (thermostats, PID-controller, etc.). The exchange coefficient of 11.6 W/m²K, which was defined as best match for a Delphin 5 simulation within calibration step 3, in this case does not lead to a good correlation. The zoom reveals an outstanding fit with an exchange coefficient of 13.8 W/m²K. For a Delphin 6 simulation, the exchange coefficient was corrected to 9 W/m²K, which also matches steady state findings. Figure 9 compares laboratory measured and numerically simulated results at a quasi-steady state after 24 hours of continuous operation. In contrast, an agreement with the measured steady state value is not given for Delphin 5. 
Conclusions
An innovative multilayered solid wood panel utilizing a functional pipe element in the middle layer was examined in the laboratory and by numerical simulation. The investigation, based on the optimization of the heating function, resulted in an isotropic and anisotropic physical model. Both achieved excellent correlation between simulation and measurements, but the isotropic model needed an extensive use of a fitting parameter. Thus we conclude anisotropic simulation as compulsory method for more complex timber constructions.
To further approve this thesis, the experimental set up should be supplemented by a fan, applied close to the panel surface in order to generate a constant air flow. Thus defined conditions are generated which must be measured.
If a production size panel is capable to maintain a minimal temperature drop between inlet and outlet, e.g. by high fluid transport speeds, we suggest to conduct further research to utilize longitudinal transport of wood together with a meander-shaped layout of the pipe. The orthogonal longitudinal transport properties in the middle layer support a better energy distribution and might lead to a more homogenous temperature distribution at the panel surface. This is in total contrast to heat pipe layouts used today for isotropic materials, e.g. concrete or clay.
Further work will focus on hygrothermal behavior during a cooling period. Moisture buffering in combination with extra stress at the timber material structure caused by the thermal pressing and gluing of timber layers will have to be taken into consideration.
